Objective: To evaluate retinal anatomy using ultrahighresolution optical coherence tomography (OCT) in eyes after successful surgical repair of full-thickness macular hole.
Results: Despite successful closure of the macular hole, all 22 eyes had macular abnormalities on ultrahighresolution-OCT images after surgery. These abnormalities were separated into the following 5 categories: (1) outer foveal defects in 14 eyes (64%), (2) persistent foveal detachment in 4 (18%), (3) moderately reflective foveal lesions in 12 (55%), (4) epiretinal membranes in 14 (64%), and (5) nerve fiber layer defects in 3 (14%).
Conclusions:
With improved visualization of fine retinal architectural features, ultrahigh-resolution OCT can visualize persistent retinal abnormalities despite anatomically successful macular hole surgery. Outer foveal hyporeflective disruptions of the junction between the inner and outer segments of the photoreceptors likely represent areas of foveal photoreceptor degeneration. Moderately reflective lesions likely represent glial cell proliferation at the site of hole reapproximation. Thin epiretinal membranes do not seem to decrease visual acuity and may play a role in reestablishing foveal anatomy after surgery.
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INCE THE INTRODUCTION OF
vitrectomy for the treatment of macular hole in 1991, vitreous surgery has become the standard in therapy for the disease. 1 The procedure has undergone numerous improvements with increasing success rates. Success has been defined in terms of anatomical closure and improvement of visual acuity. With the addition of internal limiting membrane (ILM) peeling to the surgical procedure, recent anatomical closure rates of 85% to 100% and visual acuity improvement rates of 85% to 95% have been reported. [2] [3] [4] [5] [6] Although functional success is fairly simple to assess via bestcorrected visual acuity (BCVA), anatomical success is more difficult to define. In 1998, Tornambe et al 7 defined the following 3 surgical end points based on fundus examination that have since been widely accepted: elevated/open, flat/open, and flat/ closed. These anatomical end points correlated with visual acuity after surgery.
Optical coherence tomography (OCT) was originally demonstrated in 1991 as a unique biomedical imaging tool capable of cross-sectional imaging at 10-µm axial resolution in tissue. 8 Optical coherence tomography was first demonstrated for in vivo human retinal imaging in 1995, and the first reports describing OCT imaging of macular holes were published by Hee et al 9, 10 and Puliafito et al 11 in the same year. With OCT, it has become much easier to define and understand the retinal anatomy before and after macular hole surgery. In addition to assessment of postsurgical retinal status, OCT has helped to determine the time frame of resolution to normal retinal anatomy after surgery, and has also helped to explain poor visual acuity in cases where the retina appeared normal on results of biomicroscopic examination. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Poor visual acuity after surgery is understandable in patients with persistently open macular holes (surgical failures); however, poor visual acuity has also been noted in patients with clinically closed holes. Recently, reports have been published showing an abnormality of the photoreceptors on OCT in patients with otherwise normal foveal anatomy after macular hole surgery. The OCT abnormality was a disruption of the line representing the junction between the inner and outer segments of the photoreceptors (IS/OS junction), identical to what Kitaya et al 18 and Hikichi et al 19 termed the photoreceptor reflection, and correlated with a poorer visual acuity 20 and a larger preoperative macular hole diameter. 21 This finding is confirmed by previous histopathologic studies, [22] [23] [24] which showed photoreceptor degeneration and glial proliferation in both presurgical and postsurgical macular holes. Visual distortion after macular hole surgery has also been attributed to epiretinal membrane (ERM) formation. Two cases were related by Uemoto et al, 25 in which ERMs were visualized on OCT after undergoing ILM peeling during vitrectomy for macular hole repair. Finally, the effect of ILM peeling on the adjacent nerve fiber layer (NFL) remains unclear.
Our group has recently developed a new generation of ultrahigh-resolution (UHR)-OCT technology that significantly improves the axial image resolution of OCT. 26, 27 Using a state-of-the-art femtosecond laser as the light source for OCT imaging, this new technology achieves axial image resolutions of approximately 3 µm in the human eye, compared with approximately 10 µm by standard-resolution OCT. The enhanced imaging capabilities of UHR-OCT improve the visualization of fine intraretinal architectural morphology such as the ganglion cell layer, photoreceptor layers, and retinal pigment epithelium (RPE). 28 In a previous report from our group, 29 a comparison between standard-resolution OCT and UHR-OCT of macular holes found that UHR-OCT improved the visualization of hole architecture, particularly the changes in photoreceptor morphology associated with macular hole formation and repair.
In this study, we examine UHR-OCT images from a series of 22 eyes of 22 patients who had flat/closed anatomy as defined by Tornambe et al 7 after a standard vitrectomy procedure for macular hole repair. In select cases, we compare standard-resolution OCT images (obtained on STRATUSOCT; Carl Zeiss Meditec Inc, Dublin, Calif ) with UHR-OCT images. We postulate that UHR-OCT imaging will demonstrate abnormalities in retinal architecture with greater detail after hole repair, particularly at the level of the photoreceptors.
METHODS
Optical coherence tomography is analogous to ultrasonography, except that OCT uses light instead of sound. The principle of OCT has been explained in detail in previous publications. 8, 9, 11 The axial resolution in OCT is inversely proportional to the bandwidth of the light source used for imaging. Standardresolution OCT uses a superluminescent diode light source that generates approximately 25 nm of bandwidth at an approximately 800-nm center wavelength and is capable of axial resolution of approximately 10 µm. Standard-resolution OCT images have approximately 10-µm axial and 20-µm transverse resolution in tissue and consist of 1024 axial pixels and 512 transverse pixels (total, 524 288 pixels). Standard-resolution OCT images of the macula use standard scans of 2-mm axial depth and 6 mm in the transverse direction.
Our group developed a prototype UHR-OCT system capable of performing studies in the ophthalmology clinic. 29 For this UHR-OCT system, a specially designed titanium:sapphire femtosecond laser was used as the light source for imaging. 30 This laser generates approximately 125 nm of bandwidth at an approximately 815-nm center wavelength, and the UHR-OCT system is capable of achieving axial resolution of approximately 3 µm. The UHR-OCT images have approximately 3-µm axial and 15-to 20-µm transverse resolution in tissue and consist of 3000 axial and 600 transverse pixels (total, 1 800 000 pixels). The UHR-OCT images use scans with a 1.5-mm axial depth that span 6 mm in the transverse direction. The prototype UHR-OCT clinical ophthalmic system has been described in detail in a previous study comparing standardresolution OCT and UHR-OCT images of macular holes. 29 A UHR-OCT image of a normal eye is shown in Figure 1 . Optical coherence tomography is performed within wellestablished safe retinal exposure limits set by the American National Standards Institute, 31 and the UHR-OCT prototype uses the same incident optical power as standard-resolution OCT does for imaging.
The standard-resolution OCT protocol was followed on both OCT systems to enable a direct comparison of the resulting im- ages. Six radial macular scans 6 mm in length each were acquired at angles separated by 30°intervals. After OCT was completed, all UHR-OCT images were corrected for axial motion using standard reregistration algorithms. These algorithms have been used in all of the previous prototype and commercial OCT systems. 32 The standard-resolution OCT images are usually not corrected for axial motion because the commercial software exports only uncorrected raw images. Because the standardresolution OCT can acquire an image in approximately 1.3 seconds compared with approximately 4 seconds for the UHR-OCT system, the axial motions in the standard-resolution OCT images are usually not significant; however, we have also developed software to correct the raw standard-resolution OCT images in cases where axial motion is substantial.
Imaging was performed using the commercially available standard-resolution OCT and our UHR-OCT prototype in the ophthalmology clinic of the New England Eye Center at TuftsNew England Medical Center. The study was approved by the institutional review board committees of Tufts-New England Medical Center and the Massachusetts Institute of Technology and complies with the Health Insurance Portability and Accountability Act of 1996. Written informed consent was obtained from all subjects in this study before UHR-OCT was performed.
Twenty-two eyes of 22 patients were diagnosed as having stage 2, 3, or 4 macular hole according to the Gass classification system, and subsequently underwent anatomically successful vitrectomy surgery. 33, 34 Full-thickness macular hole was diagnosed after complete preoperative ophthalmologic examination, including intraocular pressure measurement, lens clarity evaluation, refraction, axial length measurement, and biomicroscopic examination of the fovea and vitreous. The BCVA was measured using standard Snellen eye charts. Standardresolution OCT was used to confirm the macular hole status. In 1 case, a macular hole was diagnosed as stage 1a by results of a fundus examination, but standard-resolution OCT showed it was a stage 2 hole. Patients with macular pathology other than macular hole were excluded from this study.
The patients all underwent pars plana vitrectomy between September 1, 2002, and December 31, 2004. Surgery was performed at Tufts-New England Medical Center by 1 of 4 attending ophthalmologists (A.H.R., C.R.B., E.R., and J.S.D.). Nineteen (86%) of 22 eyes underwent peeling of the ILM. Two of these eyes underwent staining of the ILM with indocyanine green intraoperatively. During surgery, peripheral retinal tears and/or lattice degeneration were noted in 7 patients (32%). Cryopexy was performed in 3 of these patients, and laser retinopexy was performed in the other 4 patients. All patients underwent air/fluid exchange. Injection of 15% perfluoropropane gas (3 patients [14%]) or 20%, 25%, or 30% sulfur hexafluoride gas (19 patients [86%]) was then performed. Phacoemulsification of a nuclear sclerotic cataract with placement of a posterior chamber intraocular lens was jointly performed in 1 patient. Surgery times ranged from 40 to 90 minutes.
After surgery, strict face-down positioning was ordered for 7 to 10 days. Follow-up examinations were performed at 1 day, 1 week, and 1, 2, 6, and 12 months after operation. The BCVA was measured, and biomicroscopic examination and standard-resolution OCT were performed at all postoperative visits. All patients included in this study had flat/closed macular holes after surgery, as confirmed by biomicroscopy and standard-resolution OCT. All patients underwent UHR-OCT at various postoperative intervals (mean, 3.2 months; range, 0.5-14 months), although 1 patient underwent UHR-OCT more than 6 months after surgery (14 months). Six of 22 eyes also underwent UHR-OCT on a second postoperative follow-up visit (mean, 8.5 months; range, 2-18 months).
Foveal thickness was not measured in this study because foveal thickness has shown only moderate correlation with visual acuity in several previous studies with larger patient numbers. 13, 17, 20, 35, 36 
RESULTS
Of the 22 patients, 6 were men and 16 were women, with a median age of 64.2 years at the time of diagnosis (age range, 51-77 years). Preoperative visual acuity ranged from 20/40 to 2/200, with a mean of 20/158. According to the Gass classification system, 33,34 13 eyes (59%) had stage 2, 7 (32%) had stage 3, and 2 (9%) had stage 4 holes. All 22 patients underwent preoperative standardresolution OCT, and 17 underwent preoperative UHR-OCT.
At the time of the first postoperative UHR-OCT, visual acuities ranged from 20/25 to 4/200, with a mean of 20/110. Eight of 22 patients had a BCVA of 20/200 or worse at that time. The first postoperative UHR-OCT was performed from 2 weeks to 1 month later in 7 patients, from 1 to 6 months later in 14 patients, and after 6 months (ie, 14 months later) in 1 patient. Six patients had a second postoperative UHR-OCT image obtained between 2 and 18 months after surgery. In the time between the first and second postoperative UHR-OCT in these 6 patients, BCVA had improved in 3.
Abnormalities in retinal anatomy were observed on UHR-OCT images in all 22 patients (100%) after macular hole repair. These retinal abnormalities were further divided into the following 5 categories: outer foveal hyporeflective defects, persistent foveal detachment, moderately reflective foveal lesions, ERMs, and NFL defects.
Fourteen (64%) of 22 patients demonstrated hyporeflective defects in the outer fovea. The mean BCVA for this group was 20/78 after surgery. The outer foveal defects were a small, hyporeflective disruption in the normally hyperreflective IS/OS junction (Figure 2) or an outer foveal cystic space (Figure 3) . Another 4 patients (18%) had small areas of persistent foveal detachment that elevated the foveal photoreceptor segments off the RPE (Figure 4A-D) but did not change the normal foveal inner contour. Mean BCVA for this group was 20/ 119 after surgery. Outer foveal defects and/or detachment were persistent in all 6 patients who underwent postoperative imaging a second time, although some demonstrated a decrease in the subfoveal space or cystic area ( Figure 4E-H) .
The remaining 4 patients (18%) had large, moderately reflective lesions replacing all foveal retinal layers, including photoreceptors ( Figure 5) . Mean BCVA for this group was 20/345 after surgery. Smaller, moderately reflective lesions were also observed within the inner retinal layers of the fovea in 8 other patients (Figure 3) , for a total of 12 patients with moderately reflective foveal lesions (55%). These 12 patients had a mean BCVA of 20/130 after surgery.
Epiretinal membranes were observed in the postoperative UHR-OCT images for 14 (64%) of 22 patients. Mean BCVA for this group was 20/108 after surgery. Epiretinal membrane on an UHR-OCT image was defined as a thin, highly reflective line immediately (REPRINTED) ARCH OPHTHALMOL / VOL 124, JUNE 2006 WWW.ARCHOPHTHALMOL.COMabove the sensory retina (Figures 3, 4 , and 6). Epiretinal membranes were observed in patients with and without intraoperative ILM peeling. Finally, postoperative NFL defects were observed on UHR-OCT images in 3 (14%) of 22 patients. Mean BCVA in this group was 20/91 after surgery. All 3 patients with NFL defects underwent ILM peeling during macular hole surgery, with no intraoperative indocyanine green staining. The NFL defects in these patients might have been caused by ILM peeling during macular hole surgery because the corresponding preoperative UHR-OCT images for these patients showed normal NFL anatomy ( Figure 6 ).
In addition, because of the superior resolution of UHR-OCT, a separate highly reflective layer was visualized between the photoreceptor IS/OS junction and RPE layers (red asterisk, Figures 1, 3, and 4 ). This layer can be seen in healthy eyes, as well as those with macular holes. In patients with outer foveal cystic spaces, this middle layer was disrupted in areas corresponding to disruptions of the IS/OS junction ( Figure 3 ). In patients with persistent foveal detachments, this middle layer was lifted away from the RPE, along with the photoreceptor IS/OS junction ( Figure 4G and H). The reflective layer between the IS/OS and the RPE could be clearly visualized in 17 (77%) of the 22 patients, but this layer was not always visualized in all 6 radial UHR-OCT images for the same subject.
COMMENT Ultrahigh-resolution OCT was able to demonstrate the following 5 different retinal abnormalities after macular hole surgery: outer foveal hyporeflective defects, persistent foveal detachment, moderately reflective foveal lesions, ERMs, and NFL defects. Foveal photoreceptor abnormalities were consistent findings in all patients. Previously, histopathologic studies of unrepaired and repaired macular holes have also shown photoreceptor atrophy. [22] [23] [24] 37 A study by Guyer et al 23 of 22 full-thickness holes not treated surgically showed photoreceptor degeneration in all patients for a mean distance of 480 µm from the hole margins. In 2 other reports, 24,37 3 eyes were studied histopathologically after macular hole surgery. In these patients, Mü ller cells and/or astrocytes replaced photoreceptors at the site of hole reapproximation; the external limiting membrane was also disrupted at the fovea.
Four published reports 18-21 studied photoreceptor abnormalities using standard-resolution OCT after macular hole surgery. These reports also showed a disruption in the highly reflective line above the RPE representing the photoreceptor IS/OS junction, or what Kitaya et al 18 et al 20 also showed a correlation between photoreceptor disruption and decreased postoperative visual acuity. In our study, unlike the previous OCT studies, we reported photoreceptor abnormalities in all the patients undergoing postoperative imaging. This higher incidence is likely due to the increased resolution of UHR-OCT, which has previously been shown to enhance visualization of smaller photoreceptor abnormalities that are not seen on standard-resolution OCT images. 28, 29 Twelve (55%) of 22 patients had a moderately reflective foveal lesion on UHR-OCT images after macular hole repair. This finding most likely represents a glial cell proliferative response, which has been shown to occur histopathologically at the foveal defect after macular hole repair. [22] [23] [24] 37 Four patients had larger areas of foveal reflectivity, which effectively replaced all the intraretinal layers of the fovea (Figure 5 ), whereas the remaining 8 patients had smaller lesions of moderate reflectivity within the inner foveal layers. Fourteen (64%) of 22 patients had ERMs on UHR-OCT images after macular hole surgery. The high percentage of ERM formation is not surprising. An essential part of macular hole surgery is the creation of a posterior vitreous detachment that is a known cause of ERM formation. Only minimal histopathologic information about surgically repaired macular holes is available; therefore, it is difficult to correlate our data with known histopathologic findings. 24, 37 The histopathologic report by Guyer et al 23 showed an ERM in 16 (73%) of 22 full-thickness macular holes, which is consistent with our data. However, in our study, most of the patients underwent peeling of the ILM intraoperatively. Another report by Uemoto et al 25 shows an epimacular proliferative response on OCT in 2 (5%) of 44 patients after ILM peeling for idiopathic macular holes.
The larger percentage of patients with ERMs in our study is likely owing to the higher axial resolution of UHR-OCT compared with standard-resolution OCT. Most of the ERMs in this study may have been thinner than 10 µm, the minimum resolution of standard-resolution OCT. Thin ERMs are unlikely to affect vision negatively and may play a role in macular hole closure after surgery. High anatomical closure rates have been shown after ILM peeling, and it has been suggested that this is owing to stimulation of glial and Mü ller cell proliferation, which may aid in sealing the hole. [2] [3] [4] [5] [6] Another possibility is that these detected ERMs are actually ILM. With the increased resolution of UHR-OCT, the ILM might become visible, particularly after surgery where peeling of the ILM has been attempted. However, Foos 38 has reported average ILM thicknesses of approximately 2.5 µm in histology of the posterior retina, less than the axial resolution of UHR-OCT, so we find this explanation less likely.
Three (14%) of 22 patients had localized NFL defects in UHR-OCT images acquired after macular hole surgery. Because all 3 patients with postoperative NFL defects underwent ILM peeling during surgery, NFL damage in these patients may have been caused by intraoperative ILM peeling. Alternatively, NFL damage may have been due to elevations in postoperative intraocular pressures. The NFL damage likely occurred during or after macular hole surgery because the corresponding preoperative UHR-OCT images for these patients show normal NFL anatomy. Because the numbers are small, no conclusions can be made about the potential of ILM peeling on damaging the NFL structure; however, it is reassuring that even with the higher resolution of UHR-OCT, frank NFL defects were seen in only a small percentage of patients. In addition, the 3 patients with postoperative NFL defects all showed visual improvement after macular hole surgery. Therefore, it is not known whether the postoperative NFL defects affected the visual outcome for these patients. Another finding on UHR-OCT images in this study was the visualization of a previously unidentified retinal layer between the photoreceptor IS/OS junction and the RPE. The actual anatomical correlate of the layers within the complex of the photoreceptor outer segment and the RPE on UHR-OCT images has been disputed. 27, 28, [39] [40] [41] However, we have labeled the IS/OS junction and RPE layers in this report according to the most common interpretation. 29, 39 Disruption of the unidentified reflective layer in corresponding areas of IS/OS disruption in these macular hole cases suggests that this layer is part of the neural retina (Figure 3) . It may represent a reflection created by photoreceptor-RPE interdigitation, or a reflection from the photore- Figure 6 . Ultrahigh-resolution-optical coherence tomography (UHR-OCT) images of preoperative and postoperative macular hole. The patient is a 56-year-old woman who underwent initial evaluation for a stage 2 macular hole in the right eye and had a preoperative visual acuity of 20/60. She underwent pars plana vitrectomy with internal limiting membrane peel and injection of 25% sulfur hexafluoride gas. Five months later, the hole was flat and closed on results of examination, and visual acuity was 20/50. The UHR-OCT images were acquired across the macular in the inferior-superior direction. A, Preoperative UHR-OCT image acquired in the inferior-superior direction. A stage 2 full-thickness macular hole is clearly visualized. Nerve fiber layers (NFLs) inferior and superior to the hole appear to be intact and normal. B. Corresponding postoperative UHR-OCT image acquired in the inferior-superior direction. The hole appears to have been closed with the return of normal retinal anatomy. Focal defects in the NFL are apparent in the inferior portion of the image, whereas the NFL in the superior portion of the image appears to be intact and normal. An epiretinal membrane (ERM) can be visualized at the edge of the scan adjacent to the NFL defect. Although no foveal photoreceptor abnormality is seen in this UHR-OCT image obtained in the inferior-superior direction (90°), another postoperative UHR-OCT image obtained at 30°(not shown) detected a hyporeflective disruption of the foveal photoreceptor IS/OS junction. Abbreviations are described in the legend to Figure 1. ceptor outer segment terminals. Ultrahigh-resolution-OCT with subsequent histological analysis of retinal tissue in various types of retinal pathology would be necessary to definitively identify this reflective OCT layer.
The limitations of the current study include the variety of surgical techniques used for full-thickness macular hole repair, the limited number of patients included in this study, and the need for axial motion correction in the UHR-OCT images. However, regardless of the surgical technique used, retinal and photoreceptor abnormalities were seen in all patients, indicating that some photoreceptor disruption resulting from a full-thickness macular hole generally persists even after surgical reapproximation. Epiretinal membranes were detected regardless of whether ILM peeling was performed. In the future, more rapid OCT techniques will eliminate the need for motion correction in UHR-OCT and possibly provide more definitive and quantitative visualization of these retinal abnormalities. 42 
CONCLUSIONS
We performed an imaging study of surgically closed macular holes using an UHR-OCT system. Ultrahighresolution OCT was able to demonstrate the following 5 different retinal abnormalities after macular hole surgery: outer foveal hyporeflective defects, persistent foveal detachments, foveal lesions of moderate reflectivity, ERMs, and NFL defects. Foveal photoreceptor defects suggest residual abnormalities in photoreceptor cells after macular hole repair. Foveal lesions of moderate reflectivity likely represent a glial cell proliferative response that replaces normal foveal anatomy at the region of retinal reapproximation after macular hole surgery. Epiretinal membranes were detected with UHR-OCT in most of our patients and may be a common occurrence after macular hole surgery. Nerve fiber layer defects may have been a result of ILM peeling during macular hole surgery. The results from this study demonstrate the ability to detect higher frequencies of these abnormalities on UHR-OCT images compared with previous OCT reports. The enhanced ability of UHR-OCT to visualize small retinal defects can be used to improve the understanding of macular hole pathogenesis and the tracking of hole closures after vitreous surgery. 
